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making cerebrovascular accident (CVA) a leading cause of disability, as well as a major health and economic problern.l,2 One factor traditionally thought to limit recovery of function after CVA is hypertonicity, muscular hyperactivity resulting from an exaggerated, velocity-dependent stretch reflex..',' In the presence of hypertonicity, the normal agonist/antagonist relationship is altered, possibly due to abnormal patterns of activity in opposing muscle groups crossing a joint.3,5,Wypertonicity of an antagonist muscle group, however, has been shown to be unrelated to decreased isometric strength of the agonist muscles.' Therefore, inadequate recruitment of the agonist, not the increased activity of the antagonist, may be the primary limitation to movement poststroke."
Abnormal posturing over a period of time may affect the viscoelastic properties of joints o r the connective tissue components of soft tissue. These changes may contribute to dysfunctional movements. Alterations in body or limb posturing may be associated with rigidity (abnormally increased non-velocity-dependent muscle activity), rather than hypertonicity.3.' After prolonged static length changes imposed by chronic muscle hyperactivity, shortening of muscles occurs, Physical Therapy/Volume 74, Number 9lSeptember 1994 restricting the range and fluidity of joint movements.* Biomechanical changes around the joint may follow, including adhesions of tissues, decreased tendon and soft tissue extensibility, and decreased sarcomere number and length.lOJ1 Consequently, post-CVA movement deficits may at first be dependent on disinhibition of select muscle groups, but ultimately may result primarily from biomechanical changes and impaired recruitment of weakened muscles.
Electromyographic (EMG) biofeedback is a modality frequently used in the treatment of neuromuscular dysfunction to provide immediate visual and auditory cues that represent specific muscle contractions.12J3 The subject may attempt to modify these muscle contractions by controlling the feedback signals. Consequently, EMG biofeedback may be used to facilitate or reduce muscle activity to restore motor control. A traditional training strategy of relaxation of spastic musculature (downtraining) followed by facilitation of weak or paretic musculature (uptraining) has been advocated by many clini~ians.~3J* Results from other studies"15J6 indicate that the downtraining component may not be necessary. Downtraining alone may be effective in reducing hyperactivity, but when followed by uptraining, co-contraction often persists, resulting in little or no carryover of the downtraining effect .I7 Data available to clinicians for evaluating the efficacy of EMG biofeedback include measurements of passive range of motion (PROM), active range of motion (AROM), and EMG activity. 12 Limits found in PROM help to determine whether limits in AROM are a result of changes in the biomechanical properties of muscle as opposed to myoneural alterations. The EMG measurements provide information about the target andlor opposing muscle during contraction. Thus, during active elbow extension, triceps bracii muscle EMG measurements will reflect agonist muscle activity, whereas biceps brachii muscle EMG measurements will show the amount of co-contraction.
Changes in speed of movement may be related to changes in functional abilities.18 After sustaining a stroke, patients may have the capability to increase speed of movement. Although hypertonicity may be considered to be velocity-dependent, even during fast movements, spastic restraint may not be the primary motor deficit in patients with hemiplegia.lg A key problem of control may not be reflex activity, but rather incomplete but prolonged antagonist recruitment during active reciprocal movements. SL Thus, the timing and magnitude of elbow extensor muscle activation may be impaired through uncontrolled recruitment in elbow flexors and prolonged activity during fast reciprocal movements (also known as abnormal co-contraction).
Controversy exists about the effectiveness of training patients with neurological impairment for functional improvements rather than first attempting to reduce hypertonus.2s22 Traditional treatment strategies, such as neurodevelopmental treatment (NDT) and downtraining with EMG biofeedback, have focused primarily on decreasing antagonist activity before working toward agonist muscle facilitati0n.14J7~23 Inadequate agonist recruitment, however, is a more consistent finding than increased antagonist activity as the major cause of decreased motor abilities.8 Patients with stroke and traumatic brain injury have demonstrated the ability to improve in functional tasks despite enhanced activity in spastic musculature after participating in trials of one of two EMG feedback methods2" In summary, the mounting evidence appears to indicate that specific "downtraining" of hyperactive muscles may not be a necessary precursor for attaining increased active joint movement or function. Alternatively, initiating treatment with functionally oriented tasks may be a better therapeutic strategy for the patient who is poststroke. In applying such a strategy, one would bypass the traditional notion of downtraining a hyperactive muscle in favor of recruiting weaker, antagonist muscles within the context of task-oriented movements.
The purpose of this study was to determine the efficacy of uptraining the triceps muscle, in the presence of biceps muscle hypenonicity, using both feedback and nonfeedback paradigms during goal-oriented movements. Electromyographic biofeedback training was compared with simply practicing functional tasks in the absence of biofeedback. In this study, the following dependent variables were used to assess the effectiveness of two treatment strategies: elbow extension AROM and PROM, speed of movement for functional task completion, mean EMG activity of the triceps muscle during isotonic contraction, and mean EMG activity of the biceps muscle during isotonic contraction of the triceps muscle.
-

Method
Design and Sample
A pretest-posttest, two-group design was used in this study. abduction. All subjects' primary care physicians gave consent for participation and, when relevant, agreed not to alter their patients' antispasmodic medications. One subject (in the feedback group) out of the total sample was taking antispasmodic medications. All subjects underwent 5 baseline sessions for measurement of the dependent variables, followed by either 10 feedback or 10 nonfeedback sessions. Within 3 days after completion of training, a postintervention session was conducted to remeasure the dependent variables.
Measurements and Instrumentation
Measurements of elbow extension AROM and PROM were performed according to a previously validated clinical protocol.26 Speed of functional task completion and mean EMG activity of the triceps and biceps muscles during isotonic contraction of the triceps muscle were measured during performance of three functional tasks in the following order of increasing difficulty: gravity-eliminated elbow extension (extension task); gravityeliminated elbow extension with a 0.68-kg (1.5-lb) weight (resisted extension task); and a reaching task into elbow extension with the 0.68-kg weight, which required shoulder joint stabilization and involved knocking a foam ball off a podium positioned 22.9 cm (9 in) above table surface (reaching task). Speed of movement was measured in degrees per second, using an electrogoniometer, with output displayed on a Gould pen recorder.* The arms of the electrogoniometer were aligned with the acromion and the midpoint between the radial and ulnar styloid processes. Change in degrees of elbow movement corresponded to change (in millimeters) of amplitude of the recording pen.
Electromyographic activity of the biceps and triceps muscles was assessed through analog to digital conversion of the rectified EMG signal, sampled every 7.8 milliseconds, using the Bioscope 3000.~ The EMG signal was band-pass filtered (100-540 Hz, loss= 12 dB/octive, 60 notches=25
Physical Therapy/Volume 74, Number 9/September 1994 Interrater and intrarater reliability of measurements taken during the initial evaluation and subsequent measurement sessions were established and maintained throughout data collection at 100% agreement between researchers. Range of motion measurements were taken until three measurements within 3 degrees of each other were attained. The use of a template ensured reliability of electrode placement for EMG measurements. The electrogoniometer used for measurement of speed was calibrated before each subject's measurement session. The EMG unit was self-calibrating. Prior to engaging the unit, a standard input vcdtage was provided against which E.MG voltages were calibrated.
Procedure
Baseiine. Subjects who met the selection criteria proceeded to the first of five baseline measurement sessions. All subjects were allowed to practice three repetitions of each of the three elbow extension tasks, beginning with the least difficult (elbow extension) and progressing to the most difficult (reaching task).
Measurement of the dependent variables occurred in random order for all subjects during each baseline session and during a separate session following the last treatment. For acquired EMG and speed data, three measurements were taken for each task, for a total of nine measurements per variable during each session. The mean value was calculated for each task. The subjects were seated during these measurements, with the involved shoulder abducted and flexed to approximately 60 degrees and the elbow flexed to 80 degrees. For speed measurements, the arms of the electrogoniometer were afFixed to each subject's elbow, and the subject was then instructed to move as fast as possible for each task.
Electromyographic readings of the triceps and biceps muscles during the functional tasks were taken separately from speed measurements to minimize the possibility that an obtrusive electrogoniometer setup might impair natural limb movement when strapped to subjects simultaneously with EMG recording equipment. Once the electrodes were in place, the measurement protocol was initiated on the Bioprompt program.+ The subjects were instructed to perform three repetitions of each task. The experimenter cued the subject to initiate each repetition "as fast as you can" while simultaneously prompting the computer to begin measurement of the triceps and biceps muscle activity. The contraction phase ended when the subject reached the end range of active elbow extension or the target (ball). This contraction phase was the interval across which the EMG activiry was averaged at a rate of 128 samples per second. Speed of movement within subjects was consistent; therefore, intrasubject EMG measurements were probably not affected by variations in movement for each task. Intersubject movement speed and thus EMG recordngs, however, were variable. Subjects rested 1 minute following a series of three repetitions of each task.
Treatment. Two to three days following the completion of the fifth baseline session, each subject began the first of 10 training sessions in either the feedback or nonfeedback group. Each training session for both groups lasted 25 minutes, and included three 1-minute rest periods. Subjects were seated with the involved upper extremity relaxed on a powder board, in a similar position as during baseline sessions.
In the feedback group, the subjects began uptraining of the triceps muscle during the elbow extension task, using one EMG channel of the Bioprompt program. Subjects were encouraged to increase the output of the triceps muscle based on the visual and auditory feedback provided by the computer.
Within the context of each of the tasks of elbow extension, the subjects worked to increase the range of elbow extension and EMG output of the triceps muscle. During the first session, all subjects trained only the elbow extension task for the full session. Subjects progressed in subsequent sessions to tasks of greater difficulty based on ability to complete the task. Regardless of ability, all subjects advanced to the task of next highest difficulty after three sessions.
The nonfeedback group's training sessions mirrored the feedback condition for both task performance and progression, except that EMG biofeedback was not used. To mimic the feedback condtion, electrodes were secured to the triceps muscle, but the monitor was turned off and the program was not engaged.
All baseline and training sessions for each subject were scheduled over a 6-week period at approximately the same time of day. All subjects particiPhysical Therapy /Volume 74, Number -ante for two time points. The normality of the distributions of the data for Table 4 
. Results of One-Sample t Tests for Within-Group Comparisons o f the Change During Intervention (Postintervention Versus Mean Baseline)
each dependent variable in each group was tested by the ShapiroWilkes statistic.
Feedback Group Nonfeedback Group
Mean Mean
Correlations of the differences from Reaching task pated in two to four sessions per week for both baseline and training. Postintervention measurements of the dependent variables were taken during a separate session within 3 days of the 10th treatment session. The procedure mirrored baseline measurement sessions.
Data Analysis
For each subject, mean values were calculated at each session for the following variables: AROM, PROM, biceps and triceps muscle EMG activity for each task, and movement speed for each task. All EMG measurements were quantified simultaneously for each task. Additionally, mean values for baseline and postintervention measurements were determined for all variables. Improvement was defined as a decrease in mean AROM and PROM, with 0 degrees defined as full extension; a decrease in mean EMG activity of the biceps muscle; an increase in mean EMG activity of the triceps muscle; and an increase in mean speed.
To assess the assumption of homogeneity between the two groups at baseline, a two-sample t test was performed on the mean of the five baseline measurements for each variable. To test whether the change from preintervention to postintervention measurements was different between the two groups, a two-sample t test was performed on the difference scores @ostintervention minus the mean of the five baseline values). The t statistic for this test is the square root of the F test for the interaction of group x time for a repeated-measures analysis of variance.w
Within-group comparisons were made for both feedback and nonfeedback groups for each variable. To assess the effect of both treatments, the postintervention measurements were compared with the mean values of baseline measurements. To determine whether postintervention changes were greater than the expected initial baseline changes, the change within baseline measurements was compared with the change after intervention for each group. One-sample t tests were used to determine statistical significance for these comparisons. These analyses yield the same results as a repeated-measures analysis of varigroups using the Pearson ProductMoment Correlation Coeficient. Significance was set at an alpha level of 1.05 for all statistical tests.
Results
Between-Group Comparisons
No significant differences were found between groups for the mean of the baseline measurements, thus confirming the assumption of homogeneity between groups preintervention. The two-sample t tests of difference scores from baseline to postintervention showed no significant differences for any variable. Thus, the amount of change was not related to treatment.
Within-Group Comparisons
Comparison of the mean baseline and postintervention measurements showed significant differences for some variables (Tab. 4). Measurements of speed for both groups were highly variable across all measurement sessions because of intersubject variability. Furthermore, the slow chart speed of the pen recorder offered poor resolution for the calculation of actual degrees per second. Consequently, because the reliability of these measurements is questionable, the speed variable was eliminated from further analysis.
Feedback group. Improvements in both AROM and PROM after EMG biofeedback training were statistically significant (Tab. 4). To further illustrate improvements, the trendy across the measurement sessions for range of motion are displayed in the Figure. ventiori sessions are shown in Table  muscle EMG activity for the resisted 2. Mean EMG activity for the triceps extension task (Tab. 5).
muscle during the elbow extension task and the resisted extension task Nonfeedback group. Mean baseline improved significantly within the to postintervention comparisons refeedback group (Tab. 4). The remainsulted in significant improvement in ing variables-mean biceps muscle AROM and PROM (Tab. 4). Range of EMG activity for all tasks and mean motion data are displayed in the Figtriceps muscle EMG activity for the ure. Mean triceps muscle EMG activity reaching task-did not yield statistiincreased for the extension and recally significant changes. Significant sisted extension tasks (Tab. 3); howcorrelations for this group were an ever, these changes were not signifiincrease in mean biceps muscle EMG cant (Tab. 4). No other significant activity with mean triceps muscle differences were found for the re-EMG activity during the extension task maining variables. Significant correlaand gains in PROM (approaching 0" of tions seen in this group were beextens~on) with increases in triceps tween mean biceps muscle EMG activity, which increased with mean triceps muscle EMG activity for the task of resisted extension; increased PROM with increases in mean triceps muscle EMG activity for the reaching task; and improved AROM with increases in mean biceps muscle EMG activity for the resisted extension task (Tab. 5).
To ensure that the variability during baseline measurements within each group was not greater than the change occurring after intervention, comparisons were made between the magnitude of the differences in the fifth and first baseline measurements and the magnitude of the differences from postintervention to fifth baseline measurements. Only three significant differences were found out of 16 comparisons. The feedback group's mean triceps muscle EMG activity for the extension task and the nonfeedback group's mean biceps muscle EMG activity for the extension and the resisted extension tasks increased significantly, as expected, after intervention.
Discussion
The possibility of overcoming elbow extension restrictions in the presence of hypertonus through agonist muscle activation was examined. By exploring the original question concerning the prospects of increasing triceps muscle activity regardless of biceps muscle hypertonicity, the results provide a framework for analyzing changes in certain neuromuscular variables.
Between-Group Comparisons
Lack of any significant differences in the between-group comparisons of the change over baseline measurements confirmed the homogeneity of the two groups prior to intervention. Improvements may therefore be more confidently attributed to the interventions and not to group differences present before intervention. Comparing the changes that occurred from baseline to postintervention revealed that feedback and nonfeedback training were both effective in improving elbow extension, but did not produce significantly different results.
Physical Therapy /Volume 74, Number 9beptember 1994 -cless may yield better results early in the rehabilitation process, before occurred.
Within-Group Comparisons
Significant within-group improvements were found in both groups for AROM and PROM. Repetitive active elbow movements during functional tasks might have been sufficient to improve these objective measurements. This finding helps to differentiate between peripheral and central components of hypertonus. Improvements in PROM consistent with increases in AROM (without decreases in biceps muscle EMG activity) strengthen the explanation that biomechanical changes may be one of the primary limiting factors in this particular chronic stroke population. If increases had occurred only in AROM, then central components logically would have been affected. Conversely, if only PROM showed improvements, then primarily peripheral components would have been considered. Thus, the range of motion improvements seen during this type of training may be a result of decreased biomechan~cal restrictions from adhesions, capsular shortening, and muscular contracture, as well as increased Several factors must be considered to more impressive differentiation bemuscle fiber activation.4J2 Conseexplain this finding. The combination tween the groups. quently, in the condition of hypertoof limited training sessions, limited nus, a pathological mechanical change sample size, and the chronic nature of Furthermore, the development of in muscle fibers, as well as altered the patient with stroke may have conboth postural adaptations and antagomuscle fiber activation, should be tributed to why one treatment was nist muscle imbalances after the CVA considered.33.34 not superior to the other. Ten trainmay imply that the prevailing neuroing sessions may have been too few to distinguish feedback from nonfeedback effects among this chronic group based on the findings indicating that effects of neuroplasticity are limited in patients who are more than 6 months poststroke.31132 Although there was a tendency for the feedback group to display more significant postintemention changes in mean triceps muscle EMG activity (Tab. 4) and more quantitative EMG differences between antagonist muscles with goal-directed training (Tabs. 2 and 3), one cannot assume that increasing the sample sizes would have necessarily yielded muscular status of these patiknts is temporally dependent. Specifically, in the earlier stages after the cerebral insult, movement and limb posturing may be primarily influenced by the central lesion site causing disinhibition of select muscle groups. The relative contributions of peripheral joint and muscle changes (eg, collagen structure of tendon, viscoelastic properties, connective tissue alterations) may have a greater influence on limb posturing and movement after a period of time. If this supposition is correct, then specific retraining technique~l~J~,~4 or exercises designed to recruit weak agonist musThe significant increases for the feedback group in mean triceps muscle EMG activity in two of the three tasks (extension and resisted extension) revealed that audio and visual feedback enhance training, whereas similar changes were not seen in the nonfeedback group (Tab. 4). For the same two tasks, empirical comparisons of the mean triceps and biceps muscle EMG data (Tabs. 2 and 3) show that with the upper extremity supported, there were greater differences between the biceps and triceps muscle values (triceps:biceps muscle ratio of approximately 2:l). In contrast, for the reaching task, which required active shoulder elevation as well as elbow extension, there was convergence of the biceps and triceps muscle EMG values. The triceps muscle EMG values comparatively decreased, and the biceps muscle values increased, indicating more cocontraction during the reaching task. In each situation, responses were consistent within individuals or repeated efforts. Electromyographic variability occurred in the magnitude of responses across individuals. Cocontraction in this instance refers to the presence of simultaneous activity in opposing muscles and does not depend on latency or timing (not measured in this study). Consequently, these measurements examine the overall activity, not the sequencing of activity.
The effect of co-contraction on movement is controversial. Under normal circumstances, co-contraction provides the joint with greater stability, especially when distal limb segments are free to move.35 After stroke, however, co-contraction about the elbow is often abnormal with biceps muscle contraction while patients attempt elbow exten~ion.~' A probable mechanism for the dysfunction is the delayed ability to cease muscle activity during ~:eciprocal movements, due to impaired reciprocal inhibition6
Studies that have attempted to downtrain biceps muscles and uptrain triceps muscles simultaneously~~6~15~24 have demonstrated that co-contraction persists even after training. More recently, inadequate recruitment of the agonist, not the presence of abnormal co-contraction, has been shown co be the limiting factor for completion of a reaching task.8
An increase in co-contraction may be due to the proximal stabilization that must be attained to extend the elbow toward a target in space. This finding supports previous work using primates that showed the presence of co-contraction versus reciprocal activation fbr proximal stability during distal n1ovement.3~
Mean biceps muscle EMG activity during elbow extension remained relatively static in both groups; however, correlations revealed that mean biceps muscle EMG activity increased with mean triceps muscle EMG activity during the first two tasks (Tab. 5). These correlations indicate that abnormal co-contraction may have increased with training. Increases in biceps muscle EMG activity also correlated with improvements in AROM for the nonfeedback group. This increase in range of motion without a reduction in the hypertonicity of the biceps muscle further delineates the components contributing to movement restrictions. Changes may have occurred peripherally in the viscoelastic properties of the joint rather than in central control over disinhibited biceps muscle motorneurons. Similar findings were seen by Thilman and co-workers37 in subjects poststroke.
Limitations
The study had several limitations, including the limited generalization of the findings to other joints and to other patient populations with neurological problems. Homogeneity between groups with regard to diagnosis was impossible to confirm because information available regarding lesion sites was nonspecific (Tab. 1). The power of the t tests was low, only .30 based on a probability value of 5.05, due to the small sample size and high variability of the measurements. Because the power was so low, further studies are needed on larger samples to determine whether biofeedback is a viable method for increasing triceps muscle output in individuals with chronic stroke. In addition, five baseline measurement sessions may not have been adequate to allow subjects' improvement to plateau, usually a necessary prerequisite before initiation of the experimental protocol. One postintervention measurement session may not be adequate to reflect improvements that may have occurred throughout the treatment. Explanations regarding correlations should be guarded because the finding of significant correlations across tasks within each group was inconsistent.
Given the sample size and intersubject variability in elbow movement speed when subjects were instructed to "move as fast as they can," the important relationship of movement speed to changes in EMG activity over time or within trials for each group cannot be interpreted. Meaningful correlations will require a far more sophisticated data acquisition and analysis system than that used in this study. Only then can movement speeds truly be related to EMG activity as a function of the specific training paradigm.
Future Directions
In future studies, researchers may consider comparing the performance of patients with acute versus chronic stroke to better delineate the roles of hypertonicity and viscoelastic properties in the development of movement restrictions. Additional alternatives for future observations should include the study of other single joints or functional combination of joints. Measurement of joint stiffness, which refers to the amount of torque required to passively move a joint at a specific angle, would help to further delineate neuromuscular versus biomechanical changes associated with hypertonicity. This measurement would also procure information relevant to the specific origins of the central components associated with the phenomena of hyperactivity, specifically, which aspect of the reflex is altered and the resulting contributions to limitations of movement.3-
Clinical Implications
Clinically, the results of this study indicate that functional training may facilitate improvements in AROM and PROM; however, decreases in hyperactivity may not accompany this increase in movement. consequently, treatment efforts to increase arm function may be more effective when focusing on improving motomeuron recruitment rather than reducing activity in antag~nists.~ This approach Physical Therapy /Volume 74, Number 9/September 1994 may be most effective in the acute patient during early stages after the cerebral insult. For the patient with chronic neurologic impairment, these findings justify treatment aimed at affecting biomechanical restrictions inherent in the spastic limb, as well as neuromuscular deficits. Finally, both neuromuscular and biomechanical changes can occur via the functional treatment approach presented in this study.
Conclusion
Electromyographic biofeedback uptraining of the triceps muscle and practicing functional tasks without EMG biofeedback in the presence of biceps muscle hypertonicity both appear to be effective in improving elbow function in patients with chronic stroke. Improvements within both groups support existing theories concerning biomechanical (peripheral) restrictions contributing to limitations of movement, along with the contributions from disinhibited central pathways, to the manifestations of hypertonicity. Support is given to focusing treatment on functionally improving nlotoneuron recruitment in a weak, paretic muscle versus initially reducing hyperactivity in the spastic antagonist muscle.
